Introduction
============

Cancer and non-cancer cells differ fundamentally in their metabolism.^[@bib1]^ Many cancer cells are reprogrammed to utilise glycolysis rather than mitochondrial oxidative phosphorylation as their major source of energy for cell growth and proliferation.^[@bib2],\ [@bib3],\ [@bib4]^ Reliance on glycolysis even in the presence of oxygen (the Warburg effect) appears to be directly linked to the activation of oncogenes and loss of tumour suppressors,^[@bib5],\ [@bib6]^ leading to a resurgence of interest in its role in cancer development.

The enzyme lactate dehydrogenase (LDH) is pivotal in ensuring there is enough nicotinamide adenine dinucleotide (NAD^+^) to fuel cancer cell glycolysis. LDH is a tetrameric enzyme composed of two different subunits (LDH-A and LDH-B) encoded by separate genes. LDH catalyses the interconversion of pyruvate and reduced nicotinamide adenine dinucleotide (NADH) generated by glycolysis to lactate and NAD^+^. The direction of catalysis depends on the proportion of LDH-A and LDH-B in the LDH complex; LDH-A promotes reduction of pyruvate to lactate to regenerate NAD^+^ from NADH, whereas LDH-B favours the reverse reaction.^[@bib7],\ [@bib8]^ Through regenerating the NAD^+^ required to drive glycolysis in cancer cells, LDH-A is a key enzyme involved in the Warburg effect and in sustaining cancer\'s glycolytic phenotype. Non-cancer cells utilise oxidative phosphorylation in the presence of oxygen to generate energy; under such conditions, LDH-A is presumed dispensable, only being required for anaerobic glycolysis when oxygen is sparse. Significantly, LDH-A suppression has been reported to reduce cellular transformation and inhibit tumour progression.^[@bib9],\ [@bib10],\ [@bib11]^

LDH-A inhibition has the potential to alter the cellular balance between NAD^+^ and its reduced form NADH. Perturbation of the cellular NADH/NAD^+^ ratio, as well as potentially inhibiting aerobic glycolysis, could impact upon other cellular processes and enzymes, which utilise NAD^+^ and NADH. The role of NAD(H) as a cofactor in oxidation/reduction reactions is well established and the activity of NAD(H)-dependent enzymes appear sensitive to cellular changes in NAD(H).^[@bib12],\ [@bib13],\ [@bib14]^ Many of these enzymes have important biological and therapeutic functions. For example, the oxidoreductase NAD(P)H quinone oxidoreductase 1 (NQO1) utilises NADH to reduce the quinone-based anticancer prodrug EO9 (Apaziquone) to cytotoxic metabolites.^[@bib15],\ [@bib16],\ [@bib17]^ In another example, NAD^+^ is an essential cosubstrate for the sirtuin (SIRT) family of NAD^+^-dependent protein deacetylases.^[@bib18]^ SIRT1, the most extensively studied of the human SIRTs, appears to be required for survival of certain cancer cells.^[@bib19],\ [@bib20],\ [@bib21],\ [@bib22]^ Disruption of NAD^+^ biosynthetic pathways to reduce the activity of NAD^+^-dependent enzymes such as SIRT1 is a therapeutic strategy being evaluated.^[@bib13]^ However, non-cancer cells also require NAD^+^ for normal cell functions and this approach carries a risk of toxicity to normal cells.^[@bib23]^ Strategies designed to modulate NADH/NAD^+^ selectively in cancer cells are required and one potential approach is targeting LDH-A. Thus by targeting LDH-A, this could potentially provide a way of reducing SIRT1 activity selectively in cancer cells. Among the many cellular substrates of SIRT1 is the tumour suppressor p53.^[@bib24],\ [@bib25]^ Targeting LDH-A could therefore, via SIRT1, indirectly provide a way of altering p53 acetylation status and the downstream induction of p53 target genes (e.g. *p21*) selectively in cancer cells. This is important as these genes have an important role in the p53 cellular stress response and the cellular decision as to whether to live, arrest or die.^[@bib26]^

In addition to the key role of the tumour suppressor p53 as a cellular stress sensor and in the induction of growth arrest, senescence or apoptosis in response to DNA damage, it also influences multiple aspects of cellular metabolism as well as the cellular response to metabolic stress.^[@bib6],\ [@bib27]^ P53 regulates glycolysis, the pentose phosphate pathway, oxidative phosphorylation and glutaminolysis and its loss promotes the Warburg effect.^[@bib6]^ Here we ask if p53 influences the response of cancer cells to LDH-A suppression and its therapeutic potential. Using RNA interference (RNAi) and a panel of human cancer cell lines, we show that (i) LDH-A promotes cancer cell survival irrespective of cancer cell p53 status under normal growth conditions, whereas LDH-B appears non-essential, (ii) targeting LDH-A provides a p53-dependent mechanism by which the NADH:NAD^+^ balance in cancer cells, but not that in non-cancer cells, can be significantly altered, (iii) LDH-A suppression reduces the activity of NAD^+^-dependent deacetylase SIRT1 in p53^+/+^ cancer cells and (iv) silencing LDH-A causes a p53-dependent increase in cancer cell sensitivity to the redox-dependent anticancer prodrug EO9, attributable to increased activity of NAD(P)H-dependent oxidoreductase NQO1. We further show that a small-molecule inhibitor of LDH-A, methyl 1-hydroxy-6-phenyl-4-(trifluoromethyl)-1*H*-indole-2-carboxylate (NHI-2),^[@bib28]^ is able to recapitulate many of these effects.

Results
=======

Selective knockdown of LDH-A and LDH-B
--------------------------------------

Efficient, selective mRNA knockdown of LDH-A and LDH-B by their respective small interfering RNAs (siRNAs) was observed, as determined by qRT-PCR ([Figure 1a](#fig1){ref-type="fig"}). LDH-A silencing had no effect on LDH-B mRNA levels and *vice versa* ([Figure 1a](#fig1){ref-type="fig"}). Similar mRNA knockdown efficiency was evident in human HCT116 cancer and ARPE19 non-cancer cell lines ([Figure 1a](#fig1){ref-type="fig"}).

Interestingly, the relative protein expression levels of LDH-A and LDH-B differed between the HCT116 cancer cells and the ARPE19 and WI38 non-cancer cell lines ([Figure 1b](#fig1){ref-type="fig"}). In the HCT116 cells, LDH-A and LDH-B protein levels were similar, whereas in the ARPE19 and WI38 cells, LDH-A protein levels were higher relative to LDH-B ([Figure 1b](#fig1){ref-type="fig"}). Nonetheless, LDH-A silencing resulted in an efficient knockdown of LDH-A protein in all cell lines ([Figure 1b](#fig1){ref-type="fig"}). LDH-B silencing efficiently depleted LDH-B protein and also caused some reduction in LDH-A protein levels, an effect not observed at the mRNA level ([Figures 1a and b](#fig1){ref-type="fig"}), implying increased LDH-A protein turnover in the absence of LDH-B. Control siRNAs targeting lamin A/C or SIRT1 had no effect on LDH-A or LDH-B levels ([Figure 1b](#fig1){ref-type="fig"} and [Supplementary Figure S1a](#sup1){ref-type="supplementary-material"}).

LDH-A but not LDH-B depletion induces apoptosis in p53^+/+^, mutant and p53^−/−^ cancer cells
---------------------------------------------------------------------------------------------

LDH-A silencing induced apoptosis in HCT116 cancer cells, both in p53^+/+^ cells and in isogenic p53^−/−^ cells, although to a lesser extent in the latter ([Figures 1c and d](#fig1){ref-type="fig"}). A second siRNA designed to target LDH-A also induced apoptosis ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). In contrast, in the human non-cancer ARPE19 and WI38 cell lines, LDH-A silencing had no effect on cell viability ([Figures 1c and d](#fig1){ref-type="fig"}). LDH-A silencing also induced apoptosis in MCF7 breast cancer cells (p53 wild-type) and in the p53-mutant cancer cell lines MDA-MB-231, MDA-MB-468 and DLD1 ([Figure 1d](#fig1){ref-type="fig"}). Our results suggest that LDH-A promotes cancer cell survival irrespective of p53 status. Silencing LDH-B had no apparent effect on cell survival of any of the cell lines ([Figures 1c and d](#fig1){ref-type="fig"}).

LDH-A suppression increases cancer cell NADH:NAD^+^ and the effect is p53-dependent
-----------------------------------------------------------------------------------

As LDH-A catalyses the regeneration of NAD^+^ from NADH, we hypothesised that LDH-A silencing may result in depletion of cellular NAD^+^ and perturbation of the cellular redox balance of NADH:NAD^+^. This can have lethal consequences for the cell as demonstrated by inhibition of the NAD^+^ biosynthetic enzyme nicotinamide phosphoribosyltransferase (NAMPT).^[@bib13]^ Indeed, RNAi-mediated knockdown of NAMPT induces cell death in both HCT116 cancer cells and ARPE19 non-cancer cells (data not shown). Effects of LDH-A silencing upon NAD^+^ and NADH were therefore determined. Thirty hours after transfection, LDH-A silencing caused a significant twofold increase in the cellular NADH:NAD^+^ ratio in HCT116 p53^+/+^ cancer cells ([Figure 2a](#fig2){ref-type="fig"}). LDH-B and lamin A/C silencing had no effect on NADH:NAD^+^. In contrast to the twofold increase in NADH:NAD^+^ observed in the p53^+/+^ cancer cells, unexpectedly LDH-A silencing in the isogenic p53^−/−^ cells did not cause a significant change in the cellular NADH:NAD^+^ ratio despite equivalent LDH-A protein knockdown in the two cell lines ([Figure 1b](#fig1){ref-type="fig"}). This suggests that apoptosis induced by LDH-A silencing in the p53^−/−^ cancer cells is not caused by changes in cellular NADH/NAD^+^.

Importantly, the effects of LDH-A silencing on the cellular NADH/NAD^+^ ratio in the isogenic p53^+/+^ and p53^−/−^ cancer cells were mimicked by suppressing LDH-A using a selective small-molecule inhibitor of LDH-A ([Figure 2b](#fig2){ref-type="fig"}). The LDH-A inhibitor used was NHI-2 (methyl 1-hydroxy-6-phenyl-4-(trifluoromethyl)-1*H*-indole-2-carboxylate).^[@bib28]^ NHI-2, a derivative of the *N*-hydroxyindole-2-carboxylate LDH-A inhibitors reported in 2011,^[@bib29]^ is a potent, selective LDH-A inhibitor with a half-maximal inhibitory concentration (IC~50~) of 10.5 μ[M]{.smallcaps} and a 4--5-fold LDH-A/LDH-B selectivity.^[@bib28]^ NHI-2 caused a significant increase in the cellular NADH/NAD^+^ ratio of HCT116 p53^+/+^ cells, but had no effect in the isogenic p53^−/−^ cells ([Figure 2b](#fig2){ref-type="fig"}). Significantly, however, HCT116 p53^−/−^ cells transiently transfected to express wild-type p53 showed an increase in the cellular NADH/NAD^+^ ratio in response to NHI-2, confirming p53 dependency of the effect ([Figure 2b](#fig2){ref-type="fig"}). NHI-2 also increased the NADH/NAD^+^ ratio in two other p53 wild-type cancer cell lines tested, LoVo and LS174, but it failed to have any effect in SiHa or SAOS2 cells, which are functionally p53-null ([Figure 2b](#fig2){ref-type="fig"}).

LDH-B silencing decreases the NADH/NAD^+^ ratio in ARPE19 and WI38 cells
------------------------------------------------------------------------

In ARPE19 and WI38 non-cancer cells, LDH-A silencing did not increase the cellular NADH/NAD^+^ ratio ([Figure 2a](#fig2){ref-type="fig"}). Interestingly, however, LDH-B silencing caused a decrease in the NADH/NAD^+^ ratio in both the ARPE19 and WI38 cells ([Figure 2a](#fig2){ref-type="fig"}), an effect not observed in the HCT116 cancer cells. This suggests that LDH-B is the functionally dominant LDH isoform in ARPE19 and WI38 non-cancer cells and may have an active role in inhibiting aerobic glycolysis and promoting pyruvate entry into the tricarboxylic acid (TCA) cycle.

Effect of p53 upon the cellular metabolic response to LDH-A silencing
---------------------------------------------------------------------

The p53 dependency of the increase in cancer cell NADH:NAD^+^ following LDH-A targeting suggests that p53 status may affect how the cells respond metabolically to LDH-A suppression. Using the HCT116 isogenic clones of p53^+/+^ and p53^−/−^ cancer cells, the influence of p53 upon glycolysis and oxidative metabolism following LDH-A silencing was analysed. Lactate release into the cell culture medium was determined as a measure of aerobic glycolysis. Under normal growth conditions, the p53^−/−^ cells showed higher lactate release into the medium ([Figure 3a](#fig3){ref-type="fig"}), consistent with p53-mediated suppression of the Warburg effect.^[@bib6],\ [@bib30]^ Thirty hours after LDH-A silencing, lactate accumulated in the medium was reduced by ∼30% compared with controls in both the p53^+/+^ and p53^−/−^ cells. LDH-B silencing had no effect. This suggests that LDH-A silencing results in similar inhibition of aerobic glycolysis in HCT116 p53^+/+^ and p53^−/−^ cells ([Figure 3a](#fig3){ref-type="fig"}).

Both the HCT116 p53^+/+^ and p53^−/−^ cancer cells showed increased oxygen consumption following LDH-A silencing, suggesting increased oxidative metabolism to compensate for inhibition of aerobic glycolysis ([Figure 3b](#fig3){ref-type="fig"}). Under normal growth conditions, the p53^+/+^ cancer cells showed slightly higher levels of oxygen consumption than the p53^−/−^ cells, as has been reported previously.^[@bib30]^ Following LDH-A silencing, oxygen consumption increased in both the p53^+/+^ and p53^−/−^ cells ([Figure 3b](#fig3){ref-type="fig"}). This was unexpected for the p53^−/−^ cancer cells as pyruvate entry into the tricarboxylic acid cycle is constitutively suppressed through phosphorylation and inactivation of the pyruvate dehydrogenase (PDH) complex by pyruvate dehydrogenase kinases.^[@bib31]^ Significantly, LDH-A silencing in the p53^−/−^ cells caused an ∼3-fold decrease in phosphorylated PDH ([Figure 3c](#fig3){ref-type="fig"}). This is likely to increase pyruvate metabolism by oxidative phosphorylation and increase oxygen consumption. This identifies an important novel role for LDH-A, directly or indirectly, in the regulation of PDH phosphorylation state and activity. In contrast, LDH-A silencing had no effect on PDH phosphorylation in the p53^+/+^ cells ([Figure 3c](#fig3){ref-type="fig"}), which are maintained at low levels by p53 via negative regulation of pyruvate dehydrogenase kinase 2 transcription.^[@bib32]^

Oxidative phosphorylation generates reactive oxygen species (ROS).^[@bib33]^ Increased oxidative phosphorylation resulting from LDH-A knockdown could lead to more intracellular ROS, which are damaging to the cell and can cause cell death.^[@bib33],\ [@bib34]^ Indeed, LDH-A silencing resulted in a small but significant log increase in ROS in both the HCT116 p53^+/+^ and p53^−/−^ cells ([Figure 3d](#fig3){ref-type="fig"}). Importantly, LDH-B silencing had no effect on intracellular ROS levels ([Figure 3d](#fig3){ref-type="fig"}). In ARPE19 non-cancer cells, neither LDH-A nor LDH-B silencing had any effect on ROS levels ([Figure 3d](#fig3){ref-type="fig"}).

LDH-A silencing also caused a small decrease in adenosine triphosphate (ATP) levels in the HCT116 p53^+/+^ and p53^−/−^ cancer cells ([Figure 3e](#fig3){ref-type="fig"}), suggesting that despite increasing oxidative metabolism, the cells are unable to fully compensate bioenergetically. Consistent with this, LDH-A silencing also activated 5′-adenosine monophosphate-activated protein kinase (AMPK), as indicated by increased phosphorylated AMPK ([Figure 3f](#fig3){ref-type="fig"}). AMPK senses changes in cellular AMP/ATP and acts to increase ATP production by promoting catabolic reactions.^[@bib35]^ No increase was observed in phosphorylated acetyl-CoA carboxylase (ACC), an AMPK substrate that promotes B-oxidation ([Figure 3f](#fig3){ref-type="fig"}). In summary, LDH-A silencing in both the HCT116 p53^+/+^ and p53^−/−^ cancer cells results in increased oxidative and bioenergetic stress (increased ROS, reduced ATP), both of which may contribute to apoptosis. Superficially, the metabolic response to LDH-A silencing appeared similar in the isogenic p53^+/+^ and p53^−/−^ cancer cells and it is presently unclear why the increase in the cellular NADH/NAD^+^ ratio is p53-dependent. Future metabolomic analyses will investigate the mechanistic bases for this p53 dependency.

LDH-A suppression reduces NAD^+^-dependent SIRT1 activity in a p53-dependent manner
-----------------------------------------------------------------------------------

Using an *in vitro* SIRT1 deacetylase assay, the effect of suppressing LDH-A on SIRT1 activity was determined. We reasoned that the increase in cancer cell NADH:NAD^+^ ratio caused by suppressing LDH-A ([Figure 2](#fig2){ref-type="fig"}) might affect the activity of non-glycolytic NAD^+^-dependent enzymes such as SIRT1. NHI-2 caused a dose-dependent decrease in SIRT1 activity in the HCT116 p53^+/+^ cells (*P*\<0.05) ([Figure 4a](#fig4){ref-type="fig"}). Importantly, in HCT116 p53^−/−^ cells, which fail to show any change in NADH:NAD^+^ in response to LDH-A suppression, there was no detectable effect of NHI-2 upon SIRT1 activity ([Figure 4a](#fig4){ref-type="fig"}). Significantly, for HCT116 p53^+/+^ cells treated with NHI-2, the addition of 2 m[M]{.smallcaps} NAD^+^ rescued SIRT1 activity ([Figure 4a](#fig4){ref-type="fig"}), demonstrating that the inhibitory effects of LDH-A suppression upon SIRT1 activity are due to its effects upon NADH:NAD^+^. Silencing LDH-A by RNAi also reduced SIRT1 activity in HCT116 p53^+/+^ cancer cells (data not shown).

In HCT116 cancer cells, SIRT1 constitutively deacetylates p53 at K382^[@bib19]^ and SIRT1 silencing increases acetylated K382 p53 levels.^[@bib19]^ We therefore asked whether LDH-A silencing also increases acetylated K382 p53 levels. Significantly LDH-A silencing caused a marked increase in p53 K382 acetylation levels in HCT116 p53^+/+^ cancer cells consistent with reduced SIRT1 activity ([Figure 4b](#fig4){ref-type="fig"}). LDH-A silencing also increased the expression of p21, a downstream target of acetylated p53 ([Figure 4c](#fig4){ref-type="fig"}). It is unclear to what extent the reduction in SIRT1 activity might contribute to apoptosis in the HCT116 p53^+/+^ cancer cells. However, as reported previously,^[@bib19]^ SIRT1 silencing induces apoptosis in HCT116 p53^+/+^ cancer cells, an effect specifically rescued by Forkhead box protein O4 (Foxo4) cosilencing ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). Interestingly, cosilencing Foxo4 with LDH-A in HCT116 p53^+/+^ cancer cells partially rescued apoptosis induced by LDH-A silencing ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}).

In non-cancer ARPE19 cells, acetylated K382 p53 remained undetectable following LDH-A depletion (presumably due to continued deacetylation by SIRT1)^[@bib19]^ ([Figure 4b](#fig4){ref-type="fig"}). SIRT1 silencing in ARPE19 cells allows detection of p53 acetylated at K382 ([Figure 4b](#fig4){ref-type="fig"}, far-right panel), suggesting that in ARPE19 cells LDH-A silencing does not significantly alter SIRT1 activity. This is consistent with our observation that LDH-A knockdown has no effect on NADH:NAD^+^ in non-cancer ARPE19 cells ([Figure 2a](#fig2){ref-type="fig"}). LDH-A silencing also failed to induce p21 in ARPE19 cells, consistent with no effect on SIRT1 activity or p53 K382 deacetylation ([Figures 4b and c](#fig4){ref-type="fig"}).

These results provide proof-of-principle that suppressing LDH-A can provide a way of altering the activity of non-glycolytic NAD^+^-dependent enzymes such as SIRT1 in a cancer-selective manner. Our results showing that suppressing LDH-A affects cancer cell SIRT1 activity are consistent with a recent study which reports that galloflavin, a novel inhibitor of both LDH isoforms (A and B),^[@bib36]^ reduces SIRT1 activity in Burkitt lymphoma cells.^[@bib37]^

LDH-A suppression enhances redox-dependent EO9-induced DNA damage in HCT116 p53^+/+^ cancer cells
-------------------------------------------------------------------------------------------------

We considered whether the increase in cancer cell NADH:NAD^+^ induced by LDH-A suppression could increase the activity of cellular NADH-dependent enzymes. For this, we focused on NAD(P)H-dependent oxidoreductase NQO1, which activates the anticancer prodrug EO9 to induce single-strand DNA breaks (SSBs).^[@bib15],\ [@bib16],\ [@bib17]^ In a cell-free assay, induction of SSBs in plasmid DNA by EO9 was directly proportional to NADH concentration ([Supplementary Figure S3a](#sup1){ref-type="supplementary-material"}). The effects of silencing LDH-A or SIRT1 on the ability of EO9 to cause SSBs in cells were determined using the alkaline comet assay.^[@bib38]^ EO9 induced SSBs in a dose-dependent manner ([Figures 5a and b](#fig5){ref-type="fig"}), although interestingly HCT116 p53^+/+^ cells appeared more susceptible to damage than isogenic HCT116 p53^−/−^ cells and ARPE19 cells despite similar NQO1 levels ([Supplementary Figure S3b](#sup1){ref-type="supplementary-material"}). Quantification of DNA damage, by analysis of tail moments, demonstrated that levels of EO9-induced DNA damage in SIRT1-silenced cells were equivalent to controls. Importantly, in LDH-A-silenced HCT116 p53^+/+^ cells, the extent of DNA damage was considerably and significantly higher at each EO9 dose compared with SIRT1-silenced cells and controls ([Figures 5a and b](#fig5){ref-type="fig"}; *P*\<0.01). In contrast, no increase in EO9-induced SSBs was observed in HCT116 p53^−/−^ cells or ARPE19 non-cancer cells following LDH-A silencing ([Figure 5b](#fig5){ref-type="fig"}). This is consistent with the NADH dependency of EO9 activity and LDH-A silencing increasing NADH:NAD^+^ in p53^+/+^ cancer cells, but not in p53^−/−^ or ARPE19 cells. Brief treatment with LDH-A inhibitor NHI-2 to increase cancer cell NADH/NAD^+^ ratio ([Figure 2b](#fig2){ref-type="fig"}) followed by 1 h coincubation with EO9 also significantly enhanced EO9-induced SSBs in HCT116 p53^+/+^ cells ([Figure 5c](#fig5){ref-type="fig"}; *P*\<0.01). NHI-2 also enhanced EO9-induced SSBs in HCT116 p53^−/−^ cells transiently transfected with p53 relative to control transfections ([Supplementary Figure S3c](#sup1){ref-type="supplementary-material"}). These results suggest that LDH-A suppression (via increased NADH:NAD^+^) can increase NAD(P)H-dependent NQO1 activity and this is associated with an increase in DNA damage induction by EO9, the overall process being p53-dependent.

NHI-2 potentiates EO9 cytotoxicity and induces cancer cell death
----------------------------------------------------------------

We next asked whether brief cellular exposure to NHI-2 to modulate NADH/NAD^+^ and enhance EO9-induced DNA damage has any effect on EO9-induced cancer cell death. HCT116 p53^+/+^ cancer cells were exposed to 12.5 μ[M]{.smallcaps} NHI-2 for 1 h and then a further 1 h with EO9 (0--2500 n[M]{.smallcaps} EO9, twofold dilution series) before washout and incubation of cells in fresh media for 4 days. Using the MTT assay, IC~50~ values were then determined and significantly NHI-2 plus EO9 caused a twofold reduction in the IC~50~ compared with EO9 alone ([Figure 5d](#fig5){ref-type="fig"}). NHI-2 alone of 12.5 μ[M]{.smallcaps} (2 h exposure) had no effect on cell growth or survival, indicating that potentiation of EO9 is not due to cytotoxicity of NHI-2 ([Supplementary Figure S3d](#sup1){ref-type="supplementary-material"}). Importantly, more prolonged inhibition of LDH-A by NHI-2 (48 h, 35 μ[M]{.smallcaps}) caused significant apoptosis in both HCT116 p53^+/+^ and p53^−/−^ cancer cells, but not in ARPE19 non-cancer cells ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}). Significantly, NHI-2 induced more apoptosis in the p53^+/+^ cancer cells than in the p53^−/−^ cancer cells ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}). These results, consistent with those obtained by RNAi ([Figure 1](#fig1){ref-type="fig"}), identify two potential therapeutic applications of LDH-A inhibitors: (i) as a single agent, for targeting both p53^+/+^ and p53^−/−^ cancer cells and (ii) through synergy with redox-dependent anticancer agents (via NADH:NAD^+^, p53^+/+^ cancer cells only) ([Figure 6](#fig6){ref-type="fig"}).

Discussion
==========

There is a need for more targeted therapeutic approaches with fewer adverse side effects. In this context, LDH-A is an attractive target to consider because of its cancer-selective role. This work identifies two distinct mechanisms by which LDH-A inhibitors could potentially be used to kill cancer cells selectively, (i) through apoptosis induction, irrespective of cancer cell p53 status and (ii) as a part of a combinatorial therapeutic approach via a p53/NAD(H)-dependent mechanism ([Figure 6](#fig6){ref-type="fig"}).

Suppressing LDH-A *in vitro* was sufficient to induce significant cancer cell death by apoptosis. Importantly, this was independent of cellular p53 status as apoptosis was induced in p53 wild-type, p53-mutant and p53-null cancer cell lines. This is significant as p53 is a key regulator of multiple aspects of cellular metabolism including the Warburg effect;^[@bib6]^ furthermore, the effectiveness of many current cancer treatments is dependent on wild-type p53.

LDH-A suppression perturbed the cellular balance of NADH/NAD^+^ selectively in p53^+/+^ cancer cells. This uncovers an important novel role for p53 in the regulation of cancer cell NADH/NAD^+^ following LDH-A targeting. Future metabolomic and metabolic flux analyses will investigate the mechanistic basis for this p53 dependency. We further show that altering cancer cell NADH:NAD^+^, via LDH-A/p53, provides a potential strategy for altering the activity of non-glycolytic NAD(H)-dependent enzymes. Indeed, by suppressing LDH-A, we were able to reduce NAD^+^-dependent SIRT1 deacetylase activity selectively in p53^+/+^ cancer cells, resulting in increased acetylated p53. Excess NAD^+^ rescued SIRT1 activity, linking the effect on SIRT1 activity to LDH-A-mediated modulation of cancer cell NADH:NAD^+^.

The increase in cancer cell NADH:NAD^+^ caused by LDH-A suppression also appeared to increase the activity of the NADH-dependent enzyme NQO1, which activates the anticancer prodrug EO9.^[@bib15],\ [@bib16],\ [@bib17]^ LDH-A suppression increased EO9-induced DNA damage in a p53-dependent, cancer-selective manner and reduced its IC~50~ twofold. EO9 has completed phase II clinical trials for treating superficial bladder cancer.^[@bib39],\ [@bib40]^ As p53 mutations are rare in these tumours,^[@bib41]^ LDH-A inhibition could potentially enhance the therapeutic index of EO9 for such tumours.

The major difficulty with chemotherapy and most combinational approaches is how to increase toxicity toward cancer cells without increasing damage to normal cells. Here, we show that, via LDH-A/p53 and cancer-specific NAD(H) modulation, it may be possible to enhance the efficacy of certain redox-dependent chemotherapeutic agents such as EO9 selectively in p53-wild type cancer cells without parallel sensitisation of non-cancer cells.

Thus, by exploiting the altered metabolism of cancer cells, as reported here by targeting LDH-A, this may offer novel opportunities for selective therapeutic targeting of cancer cells, either as a monotherapy or as part of a combinatorial approach ([Figure 6](#fig6){ref-type="fig"}).

Materials and methods
=====================

Cell lines
----------

All cell lines were authenticated, maintained at low passage and cultured in antibiotic-free media. p53^+/+^ and p53^−/−^ isogenic clones of HCT116 human colorectal epithelial cancer cells^[@bib42]^ of \<3 passages were used to study p53-related effects. Other human colorectal cancer cell lines used were LS174, LoVo (both p53 wild-type) and DLD1 (mutant p53, S241F). Other cancer cell lines used were MCF7 (p53 wild-type), MDA-MB-231 (mutant p53, R280K) and MDA-MB-468 (mutant p53, R273H) breast cancer cells, SAOS2 (osteosarcoma, p53-null) and SiHa (cervical carcinoma, p53-null). SiHa contain one to two integrated copies of the HPV16 genome per cell and are functionally p53-null due to the expression of HPV16 E6. Non-cancer cells were ARPE19 human retinal epithelial cells, which senesce after \>8 passages,^[@bib43]^ and WI38 normal human diploid lung fibroblasts.

siRNA transfection
------------------

Cells were transfected by formulating HPLC-purified synthetic siRNAs into liposomes as described previously.^[@bib19],\ [@bib44]^ Two independent LDH-A siRNAs were designed that target different exons of the LDH-A mRNA. Both LDH-A siRNAs gave similar results and efficiently silenced LDH-A: LDHA siRNA 1 (5′-CCAGCCGUGAUAAUGACCA(dTdT)-3′); LDHA siRNA 2 (5′-GGAGUGGAAUGAAUGUUGC(dTdT)-3′). Unless stated otherwise, the data shown were generated with LDHA siRNA 1. LDH-B siRNA (5′-ACUUAAUCCAAUAGCCCAG(dTdT)-3′). Lamin A/C, SIRT1 and Foxo4 siRNAs were as published.^[@bib19]^ siRNA selectivity and silencing efficiency was confirmed by the assessment of target and non-target mRNA levels by qRT-PCR as described previously.^[@bib19],\ [@bib44]^

mRNA quantification
-------------------

Total cellular RNA was isolated as described^[@bib44]^ and used for quantitative real-time RT--PCR on a DNA Engine Opticon2 system using Quantitect SYBRGreen RT--PCR Kit (Qiagen, Hilden, Germany). For LDH-A mRNA quantification primers. 5′-TTGGTCCAGCGTAACGTGAAC-3′ and 5′-CCAGGATGTGTAGCCTTTGAG-3′ were used in the thermal cycle: 50 °C for 30 min, 94 °C for 15 min, followed by 36 cycles of 94 °C for 30 s, 55 °C for 30 s, 72 °C for 45 s. For LDH-B, primers 5′-CTGGGAAAGTCTCTGGCTGATG-3′ and 5′-CACTCCACACAGCCACACTTGA-3′ were used under identical cycling conditions. except that primer annealing was at 60 °C for 30 s. Cycle parameters and primers for SIRT1 and lamin A/C were as described.^[@bib19]^

DNA transfection
----------------

For DNA transfection, HCT116 cells were seeded in six-well plates at 2.4 × 10^5^ cells per well. Cells were transfected with 250 ng pcDNA3.1 expression plasmid encoding human wild-type p53 under the control of the cytomegalovirus promoter (pcDNA3.1 WTp53) or pcDNA3.1 empty vector as a negative control.

NAD(H) quantification
---------------------

An enzymatic cycling reaction was used for the quantification of cellular NAD^+^ and NADH, as described.^[@bib45]^ NAD^+^ and NADH concentrations were normalised relative to protein concentration (μ[M]{.smallcaps} NAD(H)/mg protein). Results were expressed graphically as the fold-change in NADH/NAD^+^ ratio relative to mock-transfected cells.

Statistical analysis
--------------------

Statistical analysis was carried out using a two-tailed Student\'s *t*-test or the Mann--Whitney *U*-test ([Figure 5](#fig5){ref-type="fig"}). A *P*-value of \<0.05 was considered statistically significant.

Immunoblotting
--------------

Cell extracts were prepared as described^[@bib46]^ and equivalent amounts resolved by sodium dodecyl sulfate--polyacrylamide gel electrophoresis and electroblotted onto nitrocellulose for immunoblotting. Primary antibodies were: anti-LDH (Epitomics, Burlingame, CA, USA; antibody detects both LDH-A and LDH-B: see [Figure 1b](#fig1){ref-type="fig"}), anti-SIRT1 (Santa Cruz, Biotechnology, Santa Cruz, CA, USA), anti-p53 (Santa Cruz), anti-acetylated K382 p53 (Epitomics), anti-p21 (BD Biosciences, San Jose, CA, USA), anti-PDH-E1α (Abcam, Cambridge, UK), anti-phosphorylated S293 PDH-E1α (Novus Biologics, Littleton, CO, USA), antiphosphorylated T172 AMPK (Cell Signaling Technology, Beverly, MA, USA) antiphosphorylated S79 acetyl-CoA carboxylase (Cell Signalling Technology), anti-lamin A/C (Santa Cruz) and anti-actin (Chemicon International, Temecula, CA, USA).

Apoptosis quantification
------------------------

Apoptotic cells were identified by flow cytometry using Annexin-V-Fluos (Roche, Penzberg, Germany) following the manufacturer\'s protocol as described previously.^[@bib44]^

Determination of lactate and ATP levels
---------------------------------------

Lactate levels in the culture media of cells were determined using a Lactate Assay Kit (Biovision Inc., Milpitas, CA, USA; no. K607) as described by the manufacturer\'s instructions. Cellular ATP levels were determined using an ATP Bioluminescence Kit (Roche). Lactate and cellular ATP levels were determined 30 h after siRNA transfection and values were normalised to cell number.

Oxygen consumption and ROS measurement
--------------------------------------

Cellular oxygen consumption was measured 30 h after siRNA transfection using a Clark-type oxygen electrode (Oxytherm; Hansatech Instruments Ltd, Norfolk, UK). Oxygen consumption rates were measured over a 20 min linear period and normalised to cell number. Levels of intracellular ROS were determined using flow cytometry following 30 min incubation of cells with 5 μ[M]{.smallcaps} carboxy-H~2~DCFDA (Invitrogen, Carlsbad, CA, USA; C-400), a cell-permeant reduced flurorescein derivative oxidised by ROS to produce fluorescence. As a positive comparative control for increased ROS, cells were treated with 100 μ[M]{.smallcaps} H~2~O~2~ for 24 h and incubated with carboxy-H~2~DCFDA.

SIRT1 deacetylase assay
-----------------------

SIRT1 activity of cell extracts was measured using a fluorometric *in vitro* SIRT1 deacetylase assay (Abnova, Taipei, Taiwan) as described previously^[@bib47]^ and in accordance with the manufacturer\'s protocol. The assay was performed in the presence of trichostatin A to inhibit any nonspecific deacetylation of the SIRT1 substrate by other deacetylases present. The assay was carried out in the absence of any added NAD^+^ as it was presumed that any effects of LDH-A suppression on cellular SIRT1 activity would be due to effects of LDH-A on cellular NAD^+^ levels. This was directly tested and confirmed, as shown in [Figure 4a](#fig4){ref-type="fig"}, by the addition of 2 m[M]{.smallcaps} NAD^+^ to the reactions.

Comet assay analysis of DNA damage following EO9 treatment
----------------------------------------------------------

At 30 h after siRNA transfection, cells were exposed to a range of EO9 concentrations (0--10 μ[M]{.smallcaps}) for 1 h. Induction of single-strand DNA breaks was determined using the alkaline comet assay as described previously.^[@bib38]^ Comets were visualised using an epifluorescent microscope and images were analysed using Comet Assay III software (Perceptive Instruments, Bury St. Edmunds, UK). Fifty comets were randomly selected and tail moments were obtained.

Influence of NADH on induction of single-strand breaks in plasmid DNA by EO9
----------------------------------------------------------------------------

Induction of single-strand DNA breaks following reduction of EO9 by NQO1 was determined by measuring conversion of supercoiled plasmid DNA to open circular DNA as described.^[@bib48]^ Each reaction contained 10 μ[M]{.smallcaps} EO9, 1 μg/ml purified recombinant NQO1, 2 μg plasmid and NADH (2 m[M]{.smallcaps}--0.031 m[M]{.smallcaps}). Following 1 h at 37 °C, the reaction was terminated and DNA separated on a 1% Tris-acetate-EDTA-agarose gel.

Measurement of NQO1 activity
----------------------------

As a measure of NQO1 levels, the specific activity of NQO1 in the presence of excess NADH (2 m[M]{.smallcaps}) was determined by measuring the dicumarol-sensitive reduction of DCPIP as described previously.^[@bib49]^

Chemosensitivity studies
------------------------

HCT116^+/+^ cells were seeded in 96-well plates at 1 × 10^3^ cells per well. The following day, cells were incubated in media containing 12.5 μ[M]{.smallcaps} NHI-2 for 1 h. Cells were then incubated with media containing 12.5 μ[M]{.smallcaps} NHI-2 and EO9 at a range of concentrations (0--2.5 μ[M]{.smallcaps}) for a further 1 h. Cells were then washed with phosphate-buffered saline before the addition of normal growth media. Cells were then incubated for 4 days before cell survival was determined using the MTT assay.^[@bib50]^ Two controls were used: no EO9 or NHI-2, and 12.5 μ[M]{.smallcaps} NHI-2 only. Another plate was set up and exposed to EO9 only. Percentage cell survival was determined as the absorbance of treated cells divided by the absorbance of controls × 100. IC~50~ values were determined and statistical analysis was performed using a two-tailed Student\'s *t*-test.
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![LDH-A promotes human cancer cell survival irrespective of cancer cell p53 status, but appears dispensable for viability in non-cancer cells. (**a**) LDH-A and LDH-B mRNA levels in HCT116 p53^+/+^ and p53^−/−^ cancer cells and in ARPE19 non-cancer cells 48 h after transfection with the indicated siRNA. Real-time polymerase chain reaction data (mean±s.d. of four mRNA determinations). Statistical significance (*P*\<0.001) in LDH-A and LDH-B mRNA levels between silenced cells and control cells is indicated by an asterisk. (**b**) Immunoblots showing protein expression of LDH-A and LDH-B in HCT116 p53^+/+^ and p53^−/−^ cells (top) and ARPE19 and WI38 cells (bottom), and effects of the indicated siRNAs 30 h after siRNA transfection. Actin acts as a loading control. (**c**) Phase-contrast images of HCT116 p53^+/+^ and p53^−/−^ cells and ARPE19 and WI38 cells 72 h after transfection with the indicated siRNAs. Scale bar, 100 μm. (**d**) Fold induction of apoptosis relative to mock-transfected cells 72 h after siRNA transfection, as determined by annexin V labelling. Values represent early apoptotic cells that stain positive for annexin V and negative for propidium iodide (mean±s.d. of three independent determinations). Statistical significance (*P*\<0.001) between LDH-A-silenced cells and control cells is indicated by an asterisk.](oncsis201416f1){#fig1}

![LDH-A suppression increases the cellular NADH:NAD^+^ ratio in p53^+/+^ cancer cells, but not in p53^−/−^ cancer cells or ARPE19 and WI38 non-cancer cells. (**a**) Fold-change in the cellular NADH:NAD^+^ ratio in HCT116 p53^+/+^ and p53^−/−^ cells and ARPE19 and WI38 cells 30 h after transfection with the indicated siRNAs. Fold-change±s.d. from a minimum of three independent experiments. (**b**) Effect of LDH-A inhibitor NHI-2 (12.5 μ[M]{.smallcaps}, 1h30) or dimethyl sulfoxide (DMSO) control on the cellular NADH:NAD^+^ ratio in p53 wild-type or p53-null cancer cell lines. SiHa cells are functionally p53-null owing to the expression of HPV16 E6 (see Materials and methods section). Effect of expression of wild-type p53 by transient transfection in HCT116 p53^−/−^ cells on the cellular response in NADH:NAD^+^ to LDH-A inhibitor or DMSO control is also shown (pcDNA3.1 vector control versus pcDNA3.1 WTp53).](oncsis201416f2){#fig2}

![Effect of p53 upon the cellular metabolic response to LDH-A silencing. (**a**) Effects of LDH-A and LDH-B silencing on lactate production in HCT116 p53^+/+^ and p53^−/−^ cells, as assayed by levels of lactate accumulated in the culture medium 30 h after siRNA transfection (see Materials and methods). Statistical significance (*P*\<0.05) between LDH-A-silenced cells and control cells, and between HCT116 p53^+/+^ cells and p53^−/−^ cells is indicated by an asterisk. (**b**) Effects of LDH-A silencing on the rate of cellular oxygen consumption in HCT116 p53^+/+^ and p53^−/−^ cells 30 h after transfection as determined with a Clark-type oxygen electrode (see Materials and methods). Statistical significance (*P*\<0.05) between LDH-A-silenced cells and control cells is indicated by an asterisk. (**c**) Immunoblots showing levels of phosphorylated pyruvate dehydrogenase E1α (PDH E1α) in HCT116 p53^+/+^ cells and p53^−/−^ cells under normal growth conditions and following LDH-A silencing. For the representative blot shown, quantification by densitometry indicates a 2.7-fold decrease in phosphorylated PDH E1α in p53^−/−^ cells following LDH-A silencing. (**d**) Effects of LDH-A or LDH-B silencing on intracellular ROS levels 48 h after siRNA transfection of HCT116 and ARPE19 cells. ROS levels were determined by flow cytometry and levels of DCFDA fluorescence (see Materials and methods). As a positive control for increased ROS, cells were treated with 100 μ[M]{.smallcaps} H~2~O~2~ for 24 h. (**e**) Effects of LDH-A silencing on cellular ATP levels in HCT116 p53^+/+^ and p53^−/−^ cells 48 h after siRNA transfection. Statistical significance (*P*\<0.05) between LDH-A-silenced cells and control cells is indicated by an asterisk. (**f**) Effects of LDH-A and LDH-B silencing in HCT116 p53^+/+^ and p53^−/−^ cells on phosphorylation of AMPK (T172) and acetyl-CoA carboxylase (ACC) (S79) 48 h after siRNA transfection.](oncsis201416f3){#fig3}

![LDH-A suppression reduces SIRT1 activity in HCT116 p53^+/+^ cancer cells. (**a**) Effect of LDH-A inhibitor NHI-2 on SIRT1 activity in HCT116 p53^+/+^ and p53^−/−^ cancer cells. (6.125 and 12.5 μ[M]{.smallcaps} NHI-2, 1 h 30 cell exposure) and rescue of reduced SIRT1 activity in HCT116 p53^+/+^ cells by 2 m[M]{.smallcaps} NAD^+^. Statistical significance (*P*\<0.05) between NHI-2 treated cells and dimethyl sulfoxide (DMSO)-treated control cells is indicated by an asterisk. (**b**) Effect of LDH-A silencing on p53 acetylation levels at K382 in HCT116 cancer cells and ARPE19 non-cancer cells. Control immunoblots for total p53, SIRT1, lamin A/C and LDH-A are shown. ARPE19 panel (far right) indicates that p53 in ARPE19 cells can be acetylated at K382 and that it is subject to constitutive deacetylation by SIRT1. (**c**) Immunoblots showing induction of p21 expression by LDH-A silencing in HCT116 p53^+/+^ cancer cells, but not in ARPE19 non-cancer cells.](oncsis201416f4){#fig4}

![LDH-A suppression enhances DNA damage induced by the redox-sensitive anticancer drug EO9 in a p53-dependent, cancer-selective manner. (**a**) Representative comet images showing the effects of LDH-A or SIRT1 silencing on EO9-induced SSBs in HCT116 p53^+/+^ cancer cells as determined by the alkaline comet assay. (**b**) Histograms showing the effects of LDH-A silencing on EO9-induced SSBs in HCT116 p53^+/+^ and p53^−/−^ cancer cells and ARPE19 non-cancer cells. Mean data±s.d. from 50 comets. Statistical significance as determined by the Mann--Whitney *U*-test (*P*\<0.01) between LDH-A-silenced cells and control cells is indicated by an asterisk. (**c**) Histogram and comet images showing the effects of LDH-A inhibitor NHI-2 (12.5 μ[M]{.smallcaps} 1 h pretreatment plus 1 h coincubation with EO9) on EO9-induced SSBs in HCT116 p53^+/+^ cells. Statistical significance as determined by the Mann--Whitney *U*-test (*P*\<0.01) between NHI-2-treated cells and control cells is indicated by an asterisk. (**d**) Histogram showing the effects of NHI-2 on EO9 cytotoxicity in HCT116 p53^+/+^ cancer cells, as indicated by IC~50~ values. Cells were treated for 1 h with NHI-2 to modulate cancer cell NADH:NAD^+^ ratio before 1 h coincubation with EO9. Cells were then incubated in fresh media for 4 days and effects on cell survival determined. Minimum of *n*=3 experiments, statistical significance (\*\**P*\<0.001) is indicated.](oncsis201416f5){#fig5}

![LDH-A and anticancer therapy: p53-dependent and p53-independent routes to cancer cell death. Schematic based on our results summarising opportunities for anticancer therapy via LDH-A targeting.](oncsis201416f6){#fig6}
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